In all probability, natural selection began as ancient marine microorganisms were required to compete for limited resources. These pressures resulted in the evolution of diverse genetically encoded small molecules with a variety of ecological and metabolic roles. Remarkably, many of these same biologically active molecules have potential utility in modern medicine and biomedical research. The most promising of these natural products often derive from organisms richly populated by associated microorganisms (e.g., marine sponges and ascidians), and often there is great uncertainty about which organism in these assemblages is making these intriguing metabolites. To use the molecular machinery responsible for the biosynthesis of potential drug-lead natural products, new tools must be applied to delineate their genetic and enzymatic origins. The aim of this perspective is to highlight both traditional and emerging techniques for the localization of metabolic pathways within complex marine environments. Examples are given from the literature as well as recent proof-of-concept experiments from the authors' laboratories.
xtensive drug discovery and small molecule screening programs over the past two decades have shown marine organisms to be rich sources of structurally diverse and highly bioactive natural products (1) . The molecular architectures of marine metabolites are distinct from those of their terrestrial relatives in that the physicochemical requirements of adaptation to an aqueous world, the biosynthetic pathways used, and even the elements employed in crafting their arsenal of defensive molecules are quite different (2) . As a consequence of their structural diversity and uniqueness, marine natural products are providing a prominent share of the recent clinical and preclinical lead compounds for the treatment of various diseases, most prominently cancer (3) .
At first analysis, the sources of these important leads are taxonomically diverse and include sponges, tunicates, corals, mollusks, fungi, and sediment-derived bacteria. However, there is growing recognition that the ''collected source'' for these molecules is not necessarily the ''metabolic source.'' That is, marine bacteria and cyanobacteria, either assimilated by an invertebrate grazer (e.g., sea hare grazing on cyanobacteria) or growing in association with an invertebrate host in a symbiotic or commensal relationship, are frequently the true origin of these molecules (4) (5) (6) . The growing appreciation of microbial metabolism in the production of many of the marine pharmaceutical leads comes from evidence in several sectors. Ultimately, firm knowledge of the natural product-producing organism, the ''holder of the genes,'' is essential to numerous branches of science and technology, including ecology, biosynthesis, and natural product drug development.
Of 20 compounds deriving from (or inspired by) marine natural products that are currently or were recently in clinical trials for the treatment of cancer (5), 15 were isolated from sponges, tunicates, and mollusks, with only 5 coming directly from a microorganism. However, based on biosynthetic parallels, distribution in taxonomically diverse organisms, and, in a few cases, subsequent direct isolation from a producing microorganism, 16 of these anticancer molecules actually derive from microbial sources and only 4 derive from macroorganisms. For example, dolastatin 10 (1; Fig. 1 ), originally isolated from the marine gastropod Dolabella auricularia, was later shown to originate from cyanobacteria of the genera Symploca and Lyngbya upon which they feed (7) (8) (9) (10) . The powerful PKC-activating cancer cell toxin bryostatin (2) was isolated from the Californian bryozoan Bugula neritina, but the biosynthetic capacity to make this unique macrolide has been localized to an associated bacterium Endobugula sertula (11) . Although the ecological roles of most marine natural products are not well understood, most appear to be involved in defense against predation or competition for space and nutrients (12) (13) (14) .
It has been surprisingly difficult to demonstrate that an invertebrate-associated microorganism is unequivocally responsible for the production of a given secondary metabolite (6) . However, recent advances on a number of fronts are providing new and powerful methods for investigating these relationships. For example, in the plant-endophyte arena, the anticancer compounds podophyllotoxin and camptothecin were recently discovered as products of endophytic microbes (15, 16) . New advances in cell sorting, culturing methods, and methods of chemical detection are enabling the physical separation of associated species for subsequent chemical analysis. Additionally, mass spectral imaging is proving exceptionally powerful for identifying the location of natural products in mixed species assemblages. Finally, gene probing techniques, such as catalyzed reporter deposition (CARD)-FISH or in situ hybridization, can identify those organisms with the genetic capacity to produce specific molecules of interest. This article is a review of advances made in each of these three areas as reported in the literature and provides some new and original results from our laboratories on these subjects.
Results and Discussion
Microorganism Isolation Approaches. Confronted with a mixture of species that produces important secondary metabolites, the simplest approach is to separate cell types and then analyze these for the compound(s) of interest. It is plausible, however, that the natural product under study is produced in one species, excreted, and then assimilated by a second species. For example, efforts to localize peptides in the tunicate Lissoclinum patella showed that they occur predominately in the ascidian tunic and not in the symbiotic cyanobacterium Prochloron sp. (17) . However, subsequent heterologous expression and genome sequence analysis indicated that these peptides are indeed genetically encoded for and biosynthesized by the cyanobacterium (18, 19) . In a few cases, and despite considerable technological difficulties, successful segregation of cell types and their cultivation has allowed isotope incorporation studies to demonstrate new biosynthesis and, hence, identification of the producing organism (4, 6, 20) .
Sponge tissues are extremely rich in bacteria that can comprise up to 40% of their biomass (21) . Early efforts to localize natural products to specific cell types used formalin or glutaraldehydefixed sponge-cyanobacterial tissues from the tropical sponge Dysidea herbacea (Fig. 2) . The tissues were disrupted, and individual cells were separated by using a fluorescence-activated cell sorter (FACS). Chemical analysis of the sorted cell types showed sesquiterpenoid compounds (e.g., 3) to be physically associated with the sponge cells, whereas chlorinated peptides (e.g., 4) were localized to the associated cyanobacterium, Oscillatoria spongeliae (22) . In studies of the cellular localization of several complex metabolites isolated from the sponge Theonella swinhoei, including swinholide A (5) and the peptide theopalauamide, a combination of dissection and differential centrifugation gave cell preparations that were chemically analyzed. Curiously, theopalauamide was found in a filamentous bacterial population morphologically related to Beggiatoa, whereas swinholide A (6) was localized to a mixed unicellular bacterial fraction (23, 24) . This latter finding is at odds with our subsequent isolation of swinholide A from a free-living marine cyanobacterium, Geitlerinema sp. (25) .
The microbial communities associated with various sponges have been investigated by using both culture-dependent and culture-independent methodologies (4). Recently, a culturable ␣-proteobacterial symbiont was obtained from several sponges, including Mycale laxissima (26) . A fluorescently labeled 16S rRNA gene probe was prepared for FISH analysis to visualize gene distribution. Intriguingly, the bacteria were concentrated on the surfaces of the sponge larvae, suggesting vertical transmission of symbionts between sponge generations. However, no natural products have been reported from this bacterium to date (27) .
In another recent example, the spatial distribution of bacteria within the sponge Tethya aurantium was mapped by using denaturing gradient gel electrophoresis (DGGE) and 16S rDNA clone library analysis. These studies showed that a new phylotype of Flexibacteria occurred in the sponge cortex whereas the endosome contained the cyanobacterium Synechococcus sp. Interestingly, 16S rDNA sequences for a ␤-proteobacteria were found throughout the endosome and cortex (27) .
Various gene probing methods (e.g., FISH, PCR screening, Southern analysis, and genome sequencing) can demonstrate the occurrence of a biosynthetic gene in a particular isolated cell type. For example, the Haygood laboratory demonstrated a reduction in the abundance of a ketosynthase gene from the putative bryostatin gene cluster in B. neritina larvae that had been treated with antibiotics (28) . In a second example, a genome sequence of the cyanobacterium Prochloron sp., a symbiont in the tunicate Lissoclinum patella, identified the cyanobacterium as the biosynthetic source of the ribosomally encoded peptides patellamides A (6) and C (18, 19) .
Eukaryotic dinoflagellates are common coral symbionts, and soft corals in the Gorgonacea are particularly well studied for their bioactive diterpenoids. The pseudopterosins (e.g., 7) for example are potent antiinflammatory terpenes obtained from the soft coral Pseudopterogorgia elisabethae and are used in commercially available skin care products. Investigation of the site of biosynthesis of the pseudopterosins by using differential centrifugation produced a 99% pure preparation of the dinoflagellate Symbiodinium sp. This macroalgal preparation was found to contain compound 7, and provision of either [ 14 C]NaHCO 3 or 3 H-geranylgeraniol pyrophosphate led to radioactive HPLC peaks corresponding to the pseudopterosins (29) . From these and other data, it was concluded that the dinoflagellate was responsible for pesudopterosin biosynthesis. However, a subsequent patent has appeared that identifies associated bacteria as the biosynthetic source of the pseudopterosins, pointing out the danger of concluding too much from a cell separation followed by chemical analysis or undiluted radiolabeling experiments (30) .
Although most marine microorganisms are not easily separated from complex assemblages by direct manipulation, filamentous cyanobacteria grow to dimensions more amenable to manual isolation (e.g., Lyngbya majuscula filaments are up to 100 m wide and several centimeters long). However, the tough polysaccharide sheath surrounding cyanobacterial filaments can harbor a multitude of heterotrophic bacteria that are difficult to remove (31-33) (Fig. 3 ). We and others find that the dominating heterotrophic bacteria associated with these sheaths are gram-negatives from the phyla Proteobacteria and Bacteroidetes. These include the ␣-proteobacteria (Caulobacter, Thalassobius, and Rhodospirillaceae), ␤-proteobacteria (Achromobacter), ␥-proteobacteria (Pseudomonas and Oceanospirillum), and Bacteroidetes (Flavobacterium and Flexibacter) (34, 35) . Interestingly, many of these same bacterial groups are also commonly associated with sponges and tunicates (36, 37) .
Creating axenic cultures of cyanobacteria is extraordinarily difficult, and relatively few are reported in the literature. Previous investigations proposed that axenic cultures were produced by using irradiation and antibiotics; however, proof of their monoculture state used lack of bacterial growth on multiple media types as evidence (31) (32) (33) 38) . Because the media, nutrient, and environmental combinations were not exhaustive, doubt remains as to whether these cultures were truly free of bacteria. Many oligotrophic organisms grow very slowly and to low cell densities; therefore, their presence can be easily overlooked by classic culture-dependant tests for axenicity (39) . Hence, it remains uncertain whether sheath-associated bacteria are involved in the production or modification of natural products reported from cyanobacteria.
Chemical Detection Methods. Microanalysis by mass spectrometry (MS).
In conjunction with the physical and genetic approaches described above, chemical detection methods have improved significantly, in particular MS, and these are becoming highly useful in locating the biosynthetic origin of specific metabolites. Particularly noteworthy improvements in mass spectrometry include the ability to analyze small quantities of material while increasing both resolution and mass accuracy. These developments have been largely driven by the proteomics community, usually in the context of discovering disease biomarkers (40) (41) (42) (43) . These efforts have spurred considerable development of new pre-separation methods, new ionization approaches, improved mass filters, faster scan rates for improved time scale detection, and new detection methods, only some of which have found their way into the routine analysis of natural products. These developments in MS forecast that soon we may be able to perform rigorous structure elucidation on submicrogram quantities within certain metabolite classes. In the following sections, we present several examples from the authors' laboratories that demonstrate how some of these very sensitive MS technologies can be used in the discovery of new marine natural products, and how variations in these methods can help in identifying the true biosynthetic sources of these compounds.
Electrospray ionization (ESI) and MALDI MS are revolutionary soft ionization methods that enable MS measurements of chemically sensitive biomolecules (44) . However, for either of these techniques to be effective, there is an absolute requirement for ionization. ESI has become the most common approach of ionization in the natural product chemist's arsenal because it can be interfaced with LC capabilities, thereby connecting molecular mass data with elution characteristics of a particular molecule. These data greatly expedite the assignment of a natural product as either novel or known (dereplication).
In addition to traditional HPLC-ESI-MS, capillary LC-ESI-MS has proven extraordinarily useful in proteomic research. Capillary LC requires extremely small sample sizes (Ͻ1.0 g) with the ability to interface with many types of chromatographic supports such as reverse phase (C18, C4, etc.), hydrophilic interaction liquid chromatography (HILIC), cationic exchange, or even combinations of multiple resins [see supporting information (SI) Fig. 8] (45, 46) . For example, we detected (and subsequently isolated and confirmed by NMR) the anticancer lead compound iejimalide A (8; Fig. 4 ) from a 0.1-g crude cyanobacterial extract. This was significant because this macrolide had only previously been found from an Okinawan tunicate (47, 48) . Detection was achieved by using a 100-m fused silica capillary column loaded with 10 cm of C18 resin and a 5-m tip. The estimated detection limit of iejimalide A by this technique is in the picomole-to-femtomole range. By contrast, traditional LC-MS with an LCQ instrument and 4.6-mm-diameter HPLC column required Ͼ100 g of iejimalidecontaining crude extract for detection (estimated detection limit in the micromole-to-nanomole range).
Nanospray Fourier transform (FT)-ion cyclotron resonance MS (ICRMS).
High-resolution MS is another extremely useful technique for analyzing crude mixtures for the presence of a specific natural product (49) . We used a complement of nanospray and FT-ICRMS to analyze the crude extract of the iejimalide A-producing cyanobacteria from Papua New Guinea. Despite the fact that the crude extract showed Ͼ40 ions in the region m/z 675-705, the sodiated iejimalide A peak at m/z 701.418 (calculated m/z 701.414) was well resolved and firmly identified the presence of iejimalide A (8; see SI Fig. 9 ). In total, this extract displayed several hundred unique molecular ions in a single spectrum (including several consistent with novel hydroxylated analogs of 8), and these were only resolvable because of the high-resolution attributes of FT-ICRMS. It should be noted that additional characterization of these metabolites can be achieved by combining the high resolution of FT-ICRMS with tandem MS (49) . This ''snapshot'' of the secondary metabolome of a cyanobacterium will surely become an important discovery tool as natural product scientists learn to process and use such rich datasets. MALDI-TOF-MS. The species diversity associated with complex marine assemblages is well suited for analysis by another powerful MS technique, matrix-assisted laser desorption/ionization-time-of-flight MS (MALDI-TOF-MS). The utility of MALDI-MS for the analysis of biological samples (e.g., single cells and tissues) has been demonstrated for both biomedical and natural science applications. For example, MALDI-techniques were applied to investigate entire colonies of the cyanobacterium Microcystis to under- stand the diversity and distribution of hepatotoxic oligopeptides from these natural communities (50) . Recently, ''intact cell MALDI-TOF'' (ICM) was used to assess the diversity of microbes from the tissues of marine invertebrates (e.g., sponges) by ''proteometric clustering,'' allowing both the dereplication of known secondary metabolites and providing a taxonomic characterization of the species present (51) .
We have extended the utility of MALDI-TOF-MS to the analysis of single filaments of marine cyanobacteria for the identification of known and new secondary metabolites. The analysis of intact filament assemblages enables the localization of specific secondary metabolites within specific filament types. MALDI-TOF-MS analysis was performed on fresh single filaments of a strain of L. bouillonii known to produce apratoxin A (9), a potent mammalian cell cytotoxin (52, 53) . In this example, a single filament was placed on a MALDI target plate and coated with an ␣-cyano-4-hydroxycinnamic acid matrix. Data analysis readily gave a strong pseudomolecular ion at m/z 840 (see SI Fig. 10), a value corresponding We also used MALDI-MS in combination with ESI-FTMS, LC-ESI-MS, and NMR to detect and characterize a novel analog of curacin A (10) (54-56). Aside from two double-bond isomers, curacins B and C (57), and the 8-desmethyl analog curacin D (58) , no other naturally occurring analogs have yet been isolated. The biosynthesis of the distinctive cyclopropyl ring has been the focus of detailed molecular genetic and mechanistic biochemistry investigations because it appears to involve the intermediacy of a cryptic chlorination reaction (59) (60) (61) . MALDI analysis of a single L. majuscula filament from Curaçao revealed a pseudomolecular ion at m/z 374 [MϩH] ϩ , consistent with the presence of curacin A. Another peak at m/z 372 [MϩH] ϩ was also observed that did not correspond to any known cyanobacterial metabolite. FT-ICRMS of the extract from this strain allowed characterization of the 372 peak as exactly 2.015 Da less than curacin A, for a deduced molecular formula of C 23 H 33 NOS; thus, it represented a potentially intriguing structural homolog of curacin A. The pure compound was isolated and characterized by NMR and other spectroscopic techniques and shown to be an oxidized form of curacin A with a thiazole rather than a thiazoline ring. Previously, we had produced analog 11 via semisynthesis from natural curacin A and given it the trivial name ''curazole'' (62) . Based on detection of the [MϩH] ion from intact cyanobacterial filaments and through direct analysis of unfractionated crude extracts, it seems certain that curazole (11) is a genuine natural product of this L. majuscula strain. Contrary to literature precedent (60, 63) , our sequence analysis revealed that the oxidase required for the thiazolineto-thiazole transformation is not present in the curacin A gene cluster, nor is it found immediately up-or downstream of the cluster (60) . This suggests that this transformation of the thiazoline to the thiazole is not encoded by a dedicated protein or protein domain.
There are pitfalls in the direct MALDI analysis of biological tissues, as illustrated by our attempt to detect iejimalide A (8) from cyanobacterial filaments. As noted, iejimalide A had been previously detected by traditional organic extraction of the collected biomass followed by NMR and FT-ICRMS approaches. MALDI-TOF-MS of single filaments from this sample failed to detect any 8. Consistent with this finding, pure iejimalide A, once it became available, also failed to provide a detectable ion signal by MALDI-TOF, likely be- cause of its lack of basic nitrogen atoms. This example demonstrates that MALDI and ESI are complementary approaches and that both should be used in natural product dereplication and discovery programs.
Other important MS advances stem from the development of novel ionization methods and new mass analyzers. For example, desorption electrospray ionization (DESI), electrospray-assisted laser desorption ionization (ELDI), and direct analysis in real time (DART) are newly developed ionization methods that analyze samples directly and with minimal preparation (64) (65) (66) (67) (68) . The new orbitrap Fourier transform (FT) mass analyzer can provide high resolution without the required expertise that an FT-ICR instrument requires (69, 70) , a characteristic that has made this the instrument of choice in metabolomic studies (71) . Although none of these more recent methods have yet been applied to the study of cyanobacterial natural products or complexes of coexisting species, it is likely that some will offer advantages over current methods.
Imaging Techniques. Background. In 1983, Faulkner and colleagues (72) used x-ray analysis coupled with transmission electron microscopy (TEM) to examine the location of two brominated metabolites, aerothionin (12) and homoaerothionin, within a sponge-microorganism complex. Although these experiments recorded increased bromine in a particular cell type (spherulous sponge cells), it was not certain that the detected bromine was actually part of the target compounds. Subsequently, the location of the polyaromatic alkaloid dercitamide (13) was directly imaged by using epifluorescence and laser-scanning confocal microscopy in conjunction with TEM. Interestingly, this study localized the natural product exclusively to the sponge cells (Oceanapia sagittaria) and not to the associated microbes as was expected (73) . In another early study, the imaging of latrunculin B (14) in the sponge Negombata magnifica used immunogold staining with light microscopy and TEM. These studies also revealed that sponge cells were the site of storage and presumed biosynthesis (74) . In light of subsequent natural product and biosynthetic investigations, these results with latrunculin B are particularly intriguing because related compounds have been shown to be produced by microorganisms using assembly-line type synthases typical of bacteria (2, 11) . MALDI imaging. It is clear that singlefilament MALDI-TOF analysis is a powerful method for directly observing both new and known secondary metabolites. Can MALDI-TOF also provide insight into the identity of metaboliteproducing species found in complex environmental assemblages? As noted, this has been an extraordinarily difficult phenomenon to study because coexisting strains are difficult to grow as single pure strains, and many artifacts are introduced during sample preparation. An emerging strategy showing promise is MALDI-TOF imaging (75) (76) (77) (78) . MALDI imaging allows the spatial localization of precise molecular masses to particular cell types that are then observed through assignment of specific colors to a given mass (Fig. 5) . Although this approach has not previously been applied to the analysis of natural products, it has been used to identify biomarkers of disease and the accumulation of therapeutics in wholeanimal histological preparations (79, 80) .
Here, we briefly demonstrate the power and utility of this technology in two preliminary studies (E.E., R.C.C., T.L.S., D.G., W.H.G., and P.C.D., unpublished work). First, two L. majuscula strains (JHB from Jamaica and 3L from Curaçao) were mixed and analyzed by MALDI-TOF imaging. It is known that the JHB strain produces jamaicamide B (16) and the 3L strain produces curacin A (10) (54, 62, 81) . Sodiated jamaicamide B has an m/z of 511 and is colored green on the image, whereas protonated curacin A has an m/z of 374 and is shown in red (Fig. 5) . The MALDI-TOF image clearly distinguishes the two producing strains by the secondary metabolites they contain. Moreover, it is clear that jamaicamide B is chlorinated from the observed 35 Cl/ 37 Cl isotopic ratio.
In a second example, we analyzed the marine sponge Dysidea herbaceae. Because of its relative availability, abundance of described natural products, and associated cyanobacterium (Oscillatoria spongeliae), D. herbaceae has developed as a useful model for secondary metabolite and biosynthetic gene cluster localization studies (see below, Gene-based imaging methods). Here, we prepared thin sections of sponge-cyanobacterium tissue using a cryogenic microtome for analysis by epifluorescence microscopy and MALDI imaging. Fig. 6 shows the portion of a thin section of spongecyanobacterial tissue used in the imaging analysis by autofluorescence at two wavelengths and then by MALDI-TOF. The mass at m/z 530 (Fig. 6 D, E , and G) and molecular ion isotope cluster (data not shown) are consistent with a hexachlorinated peptide such as 13- Step 1 Define Raster
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Step 4 demethylisodysidenin (17) . Another mass, m/z 1,028 (Fig. 6 F and G) , is for an unknown metabolite with a very different distribution in the sponge matrix and clearly illustrates the power of MALDI-TOF imaging in differentially localizing secondary metabolites from complex environments. At present, MALDI imaging is limited by its spatial resolution, due in part to the requirement for a uniform crystalline matrix coating. The matrix coating allows for molecular diffusion of the analyte in the crystalline lattice, limiting the spatial resolution to the size of the crystals or the width of a typical N 2 laser (Ϸ100 m). With improvements in both matrix deposition and laser technologies, it is anticipated that resolution in the range of 7-10 m will become available (82) . Finally, two recent advances that will allow structural characterization in conjunction with imaging are MALDI imaging-FT-ICR and the LTQ imaging system with tandem MS capabilities (77, 83) . Gene-based imaging methods. The Haygood laboratory has examined the biosynthetic source of the anticancer bryostatins (e.g., 2). Originally isolated from the bryozoan B. neritina, the bryostatin structures are consistent with a microbial polyketide synthase origin. To investigate the metabolic origin of 2, this group (28) used degenerate primers to clone a component of the polyketide synthase, the ketosynthase (KS) domain, from both larval and adult forms of the bryozoan. A total of 9 unique KS sequences were recovered, and one predominated in the larvae. This latter sequence was used to produce a biotinlabeled RNA gene probe that was subsequently visualized with an avidinhorseradish peroxidase detection system. Larvae treated with this probe were labeled only in a thin band, the pallial sinus, which was shown to contain a new ␥-proteobacterial strain, Endobugula sertula. Although it was not conclusively demonstrated at this point whether the KS was specifically involved in bryostatin biosynthesis, subsequent gene cloning work indicated that it very likely was (11) . Our analysis shows a 98% sequence identity at the DNA base level between the original KS and the BryB KS present in the subsequently cloned and sequenced bryostatin gene cluster.
In 1996, we reported the structure of the chlorinated peptide, barbamide (18) , from a Curaçao collection of the marine cyanobacterium L. majuscula (84) . Barbamide is strongly molluscicidal to the intermediate snail host involved in schistosomiasis, Biomphaleria glabrata. The halogen atoms comprising the unique trichloromethyl group are located at a position without an adjacent activating functionality, and this suggested a novel route for their biochemical incorporation (85, 86) . These barbamide halogenases and related enzymes have since been characterized as a new class of ''radical halogenases'' capable of direct halogenation of unreactive carbon atoms in natural products, such as methyl groups (87) (88) (89) . Early on, we recognized the striking structural similarity of barbamide to a number of Dysidea''sponge'' chlorinated peptides. We and others proposed that the cyanobacterial symbiont (Oscillatoria spongeliae) found growing among the sponge cells was likely responsible for chlorinated peptide production (90, 91) . Cell sorting experiments, as noted earlier, supported this hypothesis as the peptides were recovered from the purified cyanobacterial fraction (90, 91) .
The DNA sequences of the barbamide halogenases BarB1 and BarB2 allowed a gene-based approach to investigate and confirm the identity of the producing organism in this symbiosis (92) . First, homology-based cloning from the mixed sponge/cyanobacterial tissue (Fig. 2) yielded a barB1 homolog, dysB1, encoding a protein sequence with 93% amino acid identity to BarB1. The dysB1 sequence in combination with cyanobacterial-specific 16S rDNA sequences was used in FISH experiments to probe thin sections of the sponge containing the associated cyanobacterial symbiont. The cyanobacteria were identified in the thin sections by their chlorophyll fluorescence and by localization of the fluorescently labeled cyanobacterial-specific 16S rDNA gene probe. The crucial experiment showed colocalization of the fluorescently labeled dysB1 probe and 16S rDNA probe in cyanobacterial cells but not in sponge cells (Fig. 7) . Cyanobacterial cells were thereby unequivocally shown to possess the halogenase mRNA necessary for chlorinated peptide biosynthesis.
Conclusions
The presence of a natural product within a particular cell type can provide only circumstantial evidence as to its biosynthetic origin. Above, various older techniques for showing the presence of a natural product have been reviewed and newer experimental approaches discussed. Some of these are appropriate for analysis of isolated cells, including HPLC, NMR, and, most powerfully, MS. Other techniques are well suited for sample imaging, such as x-ray or fluorescence microscopy, and MALDI approaches. Nevertheless, all of these approaches fall short of providing unequivocal proof for the site of biosynthesis of a given compound.
Conceptually, demonstrating the biosynthesis of a natural product in a given cell type can be achieved on chemical, protein, or genetic levels. At the chemical level, demonstration of new compound synthesis in an isolated cell type is compelling and may involve any of a number of analytical chemical approaches, possibly involving isotopelabeled precursors. At the genetic level, DNA or RNA sequences encoding the biosynthetic enzymes can be localized, either in isolated cells or through imaging techniques. The CARD-FISH analysis of the sponge/cyanobacterium complex Dysidea herbacea/Oscillatoria spongeliae provides an example of RNA detection (92) ; uncovering the gene for patellamide biosynthesis in isolated cells of Prochloron sp. from the tunicate Lissoclinum patella is an example of detection at the DNA level (18, 19) . A considerable hurdle in applying most of these gene-based technologies is that the biosynthesis needs to be sufficiently understood such that the genes can be recognized with certainty. The standard methods for demonstrating that a given gene is involved in the biosynthesis of a compound involve either gene knockout experiments or heterologous expression of the biosynthetic pathway. Both of these methods require genetic manipulations that can be extremely challenging in a little studied marine organism. To date, the function of most marine natural product biosynthetic genes have been deduced through bioinformatic analysis.
At the protein level, little has been achieved because there is so little knowledge of biosynthetic proteins in general and even less so from members of complex marine environments. However, knowledge and techniques are emerging that will allow powerful interrogation of the site of biosynthesis using biosynthetic proteins. An increasing number of marine biosynthetic pathways are being cloned and characterized. Complementing this is a dramatic increase in the number and diversity of marine genome and metagenome sequences (93) (94) (95) . In principle, this genetic sequence information can be used to identify diagnostic peptide fragments from putative biosynthetic enzymes that can be liberated by protease digestion and localized by subsequent MALDI imaging.
Exciting hybrid technologies are becoming available that will increase the rigor and ease of demonstrating the site of biosynthesis in complex assemblages. Cell isolations and genome determinations are now possible on a single cell [e.g., using multiple displacement polymerase chain reaction technology (96) ], from which biosynthetic clusters can be deduced and candidate structures generated by using established biosynthetic logic. Structures of sufficient structural or anticipated biological interest can be located in cultured or collected biomass with increasing facility (97) . Alternatively, synthetic genes of substantial size (e.g., 50,000 bp) can be produced with optimized codon usage and promoter sequences for effective heterologous expression (98-100). Indeed, the coming years will witness amazing technological advances and allow us to ask and answer long standing, profound, and currently unimagined questions in chemical biology.
Details of the experiments described in this article can be found in SI Methods and Data.
